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SECTION 1 

A 
This study has  been concerned wi th  t h e  u l t ima te  p o t e n t i a l  

o f  o p t i c a l  space communication and t h e  problems of  r e a l i z a t i o n  
The o v e r a l l  conclusions and recommendations are presented  i n  
t h i s  volume 

The approach taken was t o  perform a pre l iminary  a n a l y s i s  
of t h r e e  ass igned  missions,  w i t h  t he  ob jec t  of i d e n t i f y i n g  t h e  
s a l i e n t  advantages and problem areas of  o p t i c a l  qommunciation 
i n  genera l  This a n a l y s i s  i s  summarized i n  Sect ion 1, Volume I1 

The cons idera t ions  broq;ghtout by t h e  prel iminary sys t em 
a n a l y s i s  lead  t o  the  i d e n t i f i c a t i o n  and t reatment  of  a number 
of  s i g n i f i c a n t  t a s k s ,  These d e a l t  wi th  a wide v a r i e t y  of 
environmental  and equipment f a c t o r s ,  and are summarized i n  
Volumes I1 and 111. 
of  an  o p t i c a l  communication system, t h e  t h e o r e t i c a l  information 
capac i ty  of a noisy  quantized wave w a s  der ived  i n  Sec t ion  8 ,  
Volume I1 

I n  order  t o  a s ses s  t h e  u l t ima te  p o t e n t i a l  

The t h e o r e t i c a l  performances of t h e  major types of r e -  
c e i v e r s  (Heterodyne, Homodyne, and Quantum Counter) were 
analyzed and i n t e r p r e t e d  i n  Volume 11, Sect ions 9 and 10 
Volume I11 treats propagation i n  t h e  atmosphere and s p e c i a l  
cons idera t ions  i n  l o w  l eve l  photo- d e t e c t i o n  Volume I V  
j u s t i f i e s  s e l e c t i o n  of heterodyne d e t e c t i o n ,  and analyzes  
component requirements i n  a heterodyne communication system 
This  system i s  appl ied  t o  t h e  fol lowing missions of i n t e r e s t ,  
and t h e  performances are calculated,  

-Mars - Earth Terminal 

,)Moon Base = Earth Terminal 
Mars - Earth Sa te l l i t e  

The r e s u l t s  of t h e  performance c a l c u l a t i o n s  a r e  presented  
i n  Tables I I I - V ,  i n  Section 4 ,  Volume I V  General conclusions 
and recommendations f o r  fu tu re  work are given i n  t h i s  volume, 
Sect ions ( 2 )  and ( 3 )  Inter im conclusions and recommendations 
w i l l  be found i n  context  i n  t h e  fol lowing Volumes R& 
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SECTION 2 

CONCLUSIONS 

It has,  been found t h a t  o p t i c a l  communication i n  space 
o f f e r s  a remarkable p o t e n t i a l  f o r  e f f i c i e n t  d a t a  t ransmiss ion ,  
Rea l i za t ion  of  t h i s  p o t e n t i a l ,  which i s  about 60 db b e t t e r  
t h a n  r a d i o ,  w i l l  g r e a t l y  enhance t h e  scope and va lue  of  space 
exp lo ra t ion ,  I n  so lv ing  t h e  problems which s t a n d  i n  t h e  way 
o f  r e a l i z a t i o n ,  va luable  con t r ibu t ions  w i l l  a l s o  be made i n  
a number o f  r e l a t e d  s c i e n t i f i c  and technologica l  areas,, On 
t h e  o t h e r  hand, t h e  present s t rong  a c t i v i t y  i n  o p t i c s  f o r  
m i l i t a r y  and i n d u s t r i a l  app l i ca t ions  can be expected t o  con- 
t r i b u t e  va luable  f a l l  out  t o  t h e  t a s k  a t  hand. 

This s tudy has  been d i r e c t e d  toward a v e r i f i c a t i o n  of  
t h e  p o t e n t i a l  o f  o p t i c a l  communication i n  space,  an  e v a l u a t i o n  
o f  t h e  a l t e r n a t i v e  approaches which present  themselves,  and a 
s p e c i f i c a t i o n  o f  t h e  work which must be done t o  r e a l i z e  a u s e f u l  
p o t e n t i a l  

The p o t e n t i a l  advantage o f  o p t i c a l  communication has  been 
amply demonstrated by t h e  r e s u l t s  o f  t hp ’F ina1  System Study and 
by t h e  r e s u l t s  of  o t h e r  con t r ibu to r s  i n  t h e  same area, It h a s  
been shown t h a t  a system can be cons t ruc ted  i n  p r i n c i p a l  t h a t  
approaches t h e  t h e o r e t i c a l  l i m i t  o f  e f f i c i e n c y  This system i s  
capable  providing real  t i m e  t e l e v i s i o n  t ransmiss ion  from t h e  
range of  Mars wi th  a t r ansmi t t ed  power of  about one w a t t  
Without minimizing t h e  problems which remain, it i s  f a i r  t o  
say t h a t  t h e  implementation of  t h i s  system l i e s  w i t h i n  t h e  
scope of  engineer ing improvement r a t h e r  than  s c i e n t i f i c  break- 
through - 

The s e l e c t i o n  of a recpmmended approach reduced t o  a 
choice  between heterodyne o r  amplitude responsive d e t e c t i o n ,  
and quantum counting o r  energy responsive d e t e c t i o n  The 
i s s u e  has  wide impl ica t ions ,  s i n c e  n e a r l y  every component i n  
t h e  system i s  d r a s t i c a l l y  a f f e c t e d ,  It w a s  soon found t h a t  
t h e  a l t e r n a t i v e s  have roughly equal  p o t e n t i a l  performance, 
and t h e  choice thus  became one of  eva lua t ing  t h e  problems o f  
r e a l i z a t i o n ?  I n  opt ing  f o r  heterodyne d e t e c t i o n ,  we.  are in -  
f luenced  by many f a c t o r s ,  ranging from subs t an t ive  eva lua t ions  
of known d i f f i c u l t i e s ,  t o  a preference  f o r  t h e  elegance of t h e  
approach It i s  c e r t a i n l y  t r u e  t h a t  heterodyne d e t e c t i o n  i s  an  
area which deserves a t t e n t i o n  i n  i t s  own r i g h t  
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The study has  necessa r i ly  been addressed t o  t h e  optimum 
system, This i s  c e r t a i n l y  appropr i a t e  when dea l ing  wi th  deep 
space communication, 
may be implemented a t  an ea r ly  d a t e  must no t  be overlooked, 
Many a p p l i c a t i o n s  can and should be implemented soon, For 
deep space missions and o ther  high performance a p p l i c a t i o n ,  
where t h e  on-board equipment i s  of primary concern, t h e  fact  
must be faced t h a t  ava i l ab le  components w i l l  not  make a com- 
p e t i t i v e  system i n  most cases ,  For tuna te ly ,  t h e  present  ra te  
and d i r e c t i o n  of  component improvement i n d i c a t e s  a f a i r l y  
e a r l y  r e a l i z a t i o n  of a near ly  optimum system, 

The u t i l i t y  o f  sub-optimum systems which 
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SECTION 3 

DISCUSS I ON OF RE COMMENDAT I O N S  

The fol lowing recommendations proceed from t h e  primary 
recommendation t h a t  t h e  development of a heterodyne deep space 
o p t i c a l  communication l i n k  be i n i t i a t e d *  
gram has a l ready  been launched by the  execut ion of t h e  present  
s tudy and o the r s ,  and by the cur ren t  and proposed programs 
under NASA on a c q u i s i t i o n  and t r ack ing ,  de t ec t ion ,  and laser 
improvement, 

I n  e f f e c t  t h i s  pro- 

The o v e r a l l  program must account f o r  t e c h n i c a l  develop- 
ment on a n a t i o n a l  s c a l e ,  and should t h e r e f o r e  emphasize those  
t a s k s  which are not l i k e l y  t o  progress  unless  s p e c i f i c a l l y  
d i r e c t e d ,  I n  l o g i c a l  sequence, c r u c i a l  o r  doubtful  i tems 
should rece ive  e a r l y  experimental  v e r i f i c a t i o n ,  t h e o r e t i c a l  
concepts should be expanded and r e f i n e d ,  and when r e s u l t s  
j u s t i f y  i t ,  major development programs should be undertaken. 

The following program desc r ip t ions  c o n s t i t u t e  a recom- 
mendation f o r  f u t u r e  work on problems which have been i d e n t i f i e d  
as c r i t i c a l  i n  o p t i c a l  space communieation, bu t  which l i e  ou t -  
s i d e  of t h e  scope of t h e  present  program- 
recommendation i s  by no means comprehensive but  includes those  
areas considered t o  be necessary f o r  f u t u r e  major dec is ions  

The content  of t h e  

The heavy experimental content  of t h e  programs r e f l e c t s  
t h e  need f o r  experimental  v e r i f i c a t i o n  of assumptions which 
h a e  been made i n  the  present  s tudy and which w i l l  be used i n  
f u t u r e  a n a l y s i s ,  It w i l l  be noted t h a t  t h e  experiments a r e  
not  d i r e c t l y  concerned with ddvice development, but  r a t h e r  
w i t h  t h e  demonstration of new p r i n c i p l e s  and t h e  a c q u i s i t i o n  
of  new da ta  on n a t u r a l  phenomena, Emphasis i s  placed on w e l l -  
instrumented b a s i c  experiments rather than  on e l abora t e  f u l l - s c a l e  
demonstrat ionsc 

We group our recommendations under ca t egor i e s  r e l a t i n g  
t o  major subsystems, The order  of p re sen ta t ion  i s  intended 
t o  suggest  a sequence of  performance, 
t a s k s  i n  t h e  following recommendation: 

There are seven major 
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Wave congruence in optical heterodyne detection 
,Photo-detector improvement 
Laser and modulator 
,Collector optics 
.Acquisition end tracking 
&Laser transmission th2ough the atmosphere 
Theoretical system and physical analysis 

-_ 
Tagether with other tasks known to be initiated or planned 

by NASA, these programs w i l l  provide a balanced and logical 
contribution to the long-range goals of NASA in space communi- 
cation, 

Prior to the description of the recommended programs, 
some discussion in addition to that in the body of the report 
is appropriate and i s  presented forthwith, 
programs follow in Section 4 <  

The recommended 

1. WAVE CONGRUENCE IN OPTICAL HETERODYNE DETECTION 

It has been shown in t h e  Optical Sp.nce Communication Study 
and elsewhere: that the use of *herent detection imposes a 
severe requirement on t h ~  congruency of the signal and local 
oscillator waves in the region 01 interaction 

Efficient heterodyne or homodyne detection requires that 
the signal wavefront entering the receiver aperture must have 
and retain a degree of collimAtion approaching the diffraction 
limit of the receiver aperture. This fheans that the beam in 

capable of producing a diffractfon limited image of the point 
source of the signal. 

passing through the receiver optical gystem must always be I 

1, C, J. Peters, "Gigacycle Bandwidth Coherent Light Traveling 
Wave Phzse Modulator". Proc IEEE Jan,, 1963, pp. 147-153 
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Transmission through the atmosphere causes the originally 
plane wavefronts of the signal to be bent and tilted by 
refraction, This causes blurring and dancing respectively of 
the received signal image. The wavefronts may be further 
distorted by imperfections in the optical system so that the 
image of the signal will not focus to a diffraction limited 
spot in the focal plane. The combined effect of atmospheric 
refraction and optical system imperfections is sufficient to 
seriously reduce the efficiency of heterodyne or homodyne 
detection. 

If heterodyne detection is to be considered for earth 
terminal reception in a space communication link, some means 
must be found to overcome the effects of atmospheric refraction. 
Furthermore, if large aperture collecting mirrors are to be 
used in these systems, it is highly desireable to relieve the 
requirement for diffraction limited optical quality. We herein 
present an approach to the problem of wave congruence in heter- 
odyne detection. A program of analytical and experimental 
investigation is outlined which will evaluate and demonstrate 
the principles of several possible techriiques. 

In optical heterodyning, wave amplitude is detected, rather 
than wave intensity as in the quantum counter class of detectors. 
In this sense, optical heterodyne detection is closely related 
to radio detection. In radio reception, the requirement for 
spatial coherence is illustrated by multi-path fading, where 
destructive interference occurs at the receiver aperture, and 
by receiving antenna gain degradation caused by destructive 
interference at the antenna feed. In the latter situation, the 
theoretical antenna gain is not realized because of errors in 
the figure of the collecting dish. 

In optical heterodyning, similar phenomena are present, 
but the effects are more severe because the diffraction limited 
resolution of the optical system exceeds the atmospheric refraction 
effects. In the Optical Space Communication Systems Study, 
Second Report, pp 21-28, it is shown that a phase shift between 
the signal and local oscillator waves is transformed into ai1 
equal phase shift in the intermediate frequency current. 
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Therefore, if the instantaneous phase between the signal 
and local oscillator waves varies point-by-point over the area 
of interaction (the photo cathode), there results an equal local 
variation in the instantaneous phase of the difference frequency 
photocurrent which is generated at each corresponding poqpt. 

If the difference frequency photocurrent is then summed 
over the area of interaction, partial cancellation will occur in 
the sum current due to the phase differences; the degree of 
cancellation will depend on the magnitude and distribution of the 
instantaneous phase between the incident signal and local oscillator 
waves. It follows that the magnitude of the collected difference 
frequency photocurrent, and therefore, the gain of the detection 
process, depends critically on controlling the relative phase of 
the interacting signal and local oscillator waves at a l l  points 
on the photo-cathode. 

A similar situation exists in homodyne detection, where the 
signal and local oscillator have the same frequency. It is perhaps 
easier in this case to visualize the static interference pattern 
which results from super-imposing signal and local oscillator 
waves.. In the homodyne detector, the signal and local oscillator 
waves are superimposed on the photo detector sur$ace. Since they 
have the same frequency, a stationary interference pattern is 
formed. In the regions of constructive interference, the sum 
intensity increases with the signal amplitude, in the regions of 
destructive interference, the sum intensity decreases the same 
amount. If the areas of constructive and destructive interference 
are nearly equal, as would be the case when a large number of 
fringes are present, the total phbtocurrent will not respond to 
changes in the signal amplitude It is therefore necessary that 
the number of fringes be kept small. But this is the same require- 
ment that was deduced for heterodyne detection. 

From the discussion of homodyne detection, it can be seen 
that a basic solution is to d-issect the interference pattern into 
a number of elements so that the interference in any given element 
is predominantly either constructive or destructive. The number 
of elements required is on the order of the number of fringes in 
the interference pattern. The photocurrent emanating from each 
element of photo-surface w i l l  be responsive to signal modulation, 
but with polarity, depending on the constructive or destructive 
character of the interference in that elementr It is therefore 
necessary to remove the polarity of the elemental photocurrents 
by squaring or rectification before they are linearly summed to 
produce the detected output. 



The same argument applies to heterodyne detection, except 
in that the interference pattern is moving across the photo- 
surface at a rate proportional to the difference frequency. The 
polarity of the elemental photocurrents, now manifested in the 
IFF. phase, must be removed by rectification or squaring before 
linear summation takes place. 

2 
Before further discussion of remedial techniques, a 

qualifying remark is in order. It was recently pointed out 
that under special circumstances, the requirement for diffraction 
limited wave congruence does not necessarily include a require- 
ment for corresponding alignment accuracy between the signal and 
local oscillator sources. In a-diffraction limited image of a - 

point source (Airy disc), the wave fronts are normal to the 
central ray of the converging beam, If the signal wave is so  
focussed, and the local oscillator wave is plane in the area 
of interaction, the alignment is only critical as it affects 
relative phase across the Airy disc. 

The aperture Y in the Optical Space Communication Study 
is now tne diameter of the Airy disc 
is of the order of one degree for acceptable detection gain, 
This means that ordinary pointing errors will not affect 
detection gain. Also, image dancinq as distinguished from 
scintillation and blurring, will not be deleterious. It should 
be emphasized that the requirement for diffraction limited 
signal and local oscillator waves and for corresponding optics 
quality is in no way relaxed. 

The aligncent angle 

It has been stated that one method of overcoming the effects 
of atmospheric refraction and optics imperfection is to dissect 
the signal into a number of elements, and demodulate each signal 
element independently before final summation. If atmospheric 
refraction causes blurring or defocussing so that the signal 
source subtends an apparent angled , the sub-aperture corres- 
ponding to an element must be of the order of% in diameter 
In such an.. aperture, the blur circle will be about the same 
size as the diffraction spot, which is the approximate require- 
ment for wave congruence. 

2. W. S. Read and D L. Fried "Optical Heterodyning with 
Non-critical Angular Alignment" Porc. IEEE, Dec., 1963 
p. 1787 
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If the blur circle is taken as radians (2 arc seconds), 
and the wavelength as 1 micron, the element aperture must be on 
the order of 0.1 meters. In an earth based terminal, the collec- 
tion aperture is usually assumed to be least 1 meter, For a 1- 
meter aperture, there would be required about 100 elements. 

There are several possible metnods to accomplish the desired 
image dissection. .- - 

The receiver could comprise say 100 independent collecting 
optics, each with its own photo de-tector and demodulator. All 
elements would share a common local oscillator source, and the 
demodulated our;puts of all elements would be summed. Phase 
shifts incurred in distributing the local oscillator power among 
the elements would be oi- no importance. The small size of tne 
element optical systems would make it relatively easy to provide 
diftraction limited optical quality The large, number of photo- 
detectors and demodulators would be expensive. There would also 
be a problem in increased noise resulting from the use of multiple 
detectors and demodulators. 

Rather than dissecting the signal at the collecting aperture, 
the dissection could be accomplished at the photo-surface. The 
signal wave could be collected and re-collimated at a smaller 
aperture by a single optical system, then superimposed on the 
photo-surface with the collimated local oscillator wave. The 
photo-surface could consist of a mosaic o$'fddependent detectors, 
each driving a demodulator. The demodulator outputs would be 
linearly summed to form the detected signal. The area oi the 
mosaic could be conveniently large, limited by the dark current 
contribution of the photo-detector surface. This problem 
(detector noise) is minimized by the large process gain of 
heterodyne detection. 
fraction of active detector area in the mosaic to prevent loss 
of signal "in the cracks". This suggests a variation in which 
the reduced and recollimated signal wave is focussed on to an 
array of photo-detectors by a small mosaic of lenses. 

It would be necessary to provide a large 

__ 
Carrying the concept a step further, one might perform the 

The reduced and recolli- signal dissection in the demodulator, 
mated signal wave and the local oscillator wave would strike a 
photo-emissive extended target as in an image orthicon. The 
resulting photoelectron image would be focussed on a target. 
The target would collect the photo-electron and without lateral 
current flow, perform a squaring process on the intermediate 
frequency component, then sum the demodulated signal across the 
target area. Electron image magnification could be used to adjust 
the size or the target relative to that of the photo-cathode, 
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Tt would even be possible to enlarge and dissect an image the 
size oi a diTiraction spot 2 

Although a photomixer image tube3 has been comtructed, it 
was of the sequential scancing type and is not adaptable to this 
application. The unique teature of tne proposed tu:je is the 
target The target must collect the photoelectrons, demodulate 
the elements oi photocurrent without cross-talk, and sum the 
dernodulaced signal If tne number oi elements is in tne order 
or 100, a wLred assembly of collector plates, diodes, bandpass 
tilters, and summing netwoLks is conceivable If tne number of 
elements is in the order of 1000 or 10,000, as it might be for 
very large apertures, film deposition and micro-electronic 
techniques should be considered, The most obvious method of 
demodulation is by use of a square law diode. However, the non- 
linear action of secondary electron emission should also be 
considered as a possible means 02 demodulation. 

It should be noted that tnere is a requirement for an IF 
bandpass filter in each elemeIt. This poses a difficulty, 
especially in a micro-miniaturized mosaic. 
all processes are similar except that the bandplss filters are 
replaced by low pass filters 

In &lornodyne detectim, 

In contrast to the signal dissection techniques, there is 
an approach wherein the phase errors are corrected before 
demodulation, The correction could occur in the signal optics, 
the local oscillator optics, or in the I . F .  photocurrent. Regard- 
less oi where tne correction is performed, it is necessary to 
measure the phase error i n  each elemental part of the signal in 
order to control the correction process, For example, in the 
previously described array ot independent collecting optics, the 
I , F  component of eacn detector would compared in phase to a 
reference, and continuously corrected by a phase shirt control 
circuit Alternatively, the phase correction could be by mechanical 
or electro-optical means in the optical paths or the element 
optical systems. 

The signal level in a single detector of a 100-element array 
would be 20 db below the total signal. In principle, the phase 
measurement could still be performed providing that the phase 
corltrol loop bandwidth is at least 100 times less than the 
channel information bandwidth. 

3 .  R. F. Lucy "An Experimental Phocomixer Image Tube" Proc, 
IEEE, 1903, pp lb2-105 - 10- 



The phase corrected IF components would finally be summed, 
and demodulated in a common demodulator. The use ot a common 
demodulator, operating at higher signal level than the elemental 
demodulators required in the signal dissection techniques, is 
an advantage in terms of noise level, 

Still another phase correction tecnnique has been considered, 
The superimposed signal and local oscillator waves are incident 
on a photo-emitter and a photo electron beam results in which 
the IF current appears as a longitudinal electron density 
modulation. The phase error in the incident light results in 
bending of the electron density wave tronts in the beam. The 
beam tnen interacts wiLh an externally generated traveling wave 
whicn is moving at beam velocity and is synchronized with the IF 
s o  that tne traveling wave is stationary with respect to the 
electron density wave, It is supposed tnat tne traveling wave 
may ir1r;eract wir;h the electron beau1 so as to correct the 
curvature OL the electron density wave rronts in the beaiii. It 
is turther supposed tnat the waves will not exchange power at 
the IF.. The phase error havirig been corrected, the electron 
beam passes into a TWT amplitying structure where tne IF component 
is amplitied and extracted, 

Several potential tecnnigues nave been herein described for 
the corbection or wave rront distortion in cbherelir; recepcion, 
Two broad categories exist: 
a common demodulation process, or the signal is demodulated in 
discrete parts, then recombined. Several variations 02 both 
categories have been discussed. 

the phase is either corrected before 

In weighing the merits of the two basic approacnes, it is 
evident that key problems exist for eacn, 
problems as follows 

We identiry these 

A ,  PHASE CORRECTION T E C H N I Q E  

1, The TWT pnase corrector is by no means theoretically 
substantiated, and would be ot novel design and construction. 

2, The alternative pnase correction techniques all require 
phase detection at a signal level well below the received signal 
level e 

3 .  A large number o r  phase detection arid phase correction 
devices are requiredc 
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B DISCRETE DEMODULATION TECHNIQUES 

1 Deluodulation or discrete signal elements occurs at very 
low signal level. Noise contribution of individual demodulators 
must be held to a level perhaps 20 db below normally acceptable 
levels 

2 For heterodyne detection, a large number of IF bandpass 
filters must be provided. This requirement is less severe in 
homodyne detection, since low pass filters are used. 

The severity of most of these problems depends on tne number 
Assuming that the estimate of 100 elements of elements required. 

is approximaLely correct, discreee optical and circuit elements 
are practical, If tne number or elements approacnes t1600, as 
estimated in the Optical Space Communication Study, Second Report, 
p. 28 ror a larger collector and a shorter wavelength, such means 
become less desireable, 

The present stacus of optical heterodyne detection is as 
rollows~ 

1, The problelu of wave distortion has been identified, 
theoretically analyzed fo r  certain cases, and experimentally 
verified for certain cases 

2; Several remedial measures have been postulated and 
briefly evaluated. 

3 The probable importance or the problem in practical 
situations has been evaluated and found to be significant. 

I1 PHOTO-DETECTOR IMPROVEMENT 

A pnoco-detector is simply a device wnich, through an inter- 
action between light and matter, provides an electrical signal 
proportional to the light flux falling on the photo-sensitive 
material. The proportionality constant, tor a given interaction, 
between the electrical signal and an incident light flux is 
called tne quantum etficiency. 
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It is derirled as tne ratio of the number or photoelectrons 
produced in a radiation sensitive process to the number of 
incident phocons availaDle, 
sensitive material may also be represented as the probability 
that an incident photon will produce a pnotoelectron in an 
iriteraction between light and matter, 

The quantum etficiency of a light 

The quantum efticiencies of existing photosensitive 
materials are well known and consideraDle data is availaole 
wnicn allows the direct comparison or many of these. 
the graph or Figure 2 on page 5-3 or  the First Optical Communi- 
cations Study Report shows a comparison between the approximate 
quantum efficiencies or a number OZ photosensitive materials. 
The following table summarizes the approximace quantum etficiencies 
of a number of photoemissive catnodes at the wavelengths or the 
helium-neon gas lasbr (b32trAO and 11,500AO) arid the ruby laser 
(6943 A'). 

For example, 

QUANTUM EFFICIENCY AT 

Photo surface 

s- 1 
s-4 
S-lo 
s- 20 

632trA0 b943A0 11,500A 

0.3% 0 - 3 4  0.025 
0.38% 
1.05% 0.35 

0 - 9 9  I_-_- 

_ . & 7 0 _ -  

-*-_- 5.% 2.b 

It should be noted that at tne longer wavelengths, the efficierrcy 
of a l l  the photoemitters drops off until at 11,500A0, only the S - 1  
has any measurable sensitivity to incident radiation, 

Many semiconductor photosensitive macerials have quantum efficienc- 
ies as high as 50%, however, these devices are generally inadequate 
for the detection of very low light levels because of their mucn 
higher noise equivalent power, 
communications systems is also limited by their small physical size, 
since aLmospheric refraction combined with surtace irregularities 
of large light collectors provides a circle of confusionast the 
focus of the optical system which is generally larger than the area 
or the photosensitive portion or the device. 

Their use as photomixers in 
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The gene ra l ly  low quantum e f f i c i e n c y  of t h e  photoemitt ing 
cathodes i s  p r imar i ly  due t o  t h e  method a f  cons t ruc t ion .  Roughly 
only 40% of  t h e  inc iden t  l i g h t  photons p e n e t r a t e  t h e  phbBocathode 
sur face :  30% are absorbed o r  r e f l e c t e d  by t h e  o p t i c s  whi le  t h e  
remaining 30% are r e faec ted  by t h e  su r face  of  t h e  photocathode 
material. I n  add i t ion ,  approximately 50% of t h e  inc iden t  l i g h t  
photons which do pene t r a t e  t h e  su r face  of  t h e  photocathode pass 
through t h e  t h i n  f i l m  without being absorbed, The end r e s u l t  
is t h a t  only about 20% of t h e  a v a i l a b l e  inc iden t  l i g h t  i s  a c t u a l l y  
a v a i l a b l e  f o r  gbsorpt ion by t h e  photocathode. 
l i g h t  absorbed and t ransmi t ted  a l s o  vary wi th  wqvelength. I n  
t h e  r ed  and near  i n f r a - r ed  por t ions  of  t h e  spectrum, where most 
lasers ope ra t e ,  t h e  quantum e f f i c i e n c i e s  o f  t h e  a v a i l a b l e  
photoemitt ing m a t e r i a l s  i s  q u i t e  low. 

The r a t i o s  of  

It i s  seen t h a t  improvements i n  quantum e f f i c i e n c y  may 
be found i n  two a reas .  F i r s t ,  t h e  discovery of new ma te r i a l s  
f o r  s e n s i t i z i n g  t h e  photocathode o r  new ways of a c t i v a t i n g  
known ma te r i a l s  w i l l  c e r t a i n l y  o f f e r  improvements i n  quantum 
e f f i c i e n c y ,  Second, t h e  present ly  a v a i l a b l e  photoemissive i 

materials may be used t o  advantage by improving t h e  geometry 
and method of a p p l i c a t i o n  of t hese  materials, 
f o r  accomplishing improvements w i t h  e x i s t i n g  photoemission 
materials have been proposed. 
techniques a r e  descr ibed below: 

Several  methods 

Two of  t h e  more promising 

1. Mult i layered Photosurface 

I n  order  t o  make optimum use  o f  t h e  c h a r a c t e r i s t i c s  
o f  t h e  photo-emissive material, it w a s  proposed by H. Mayer4 
i n  1946 t h a t  a photocathode be prepared which arranged t h e  
photo-emissive su r face  i n  layers  of material ,  A t  each l a y e r ,  
some of  t h e  l i g h t  would be r e f l e c t e d ,  some absorbed and t h e  
remainder t r ansmi t t ed  by t h e  t h i n  f i l m ,  This  technique pro- 
v ides  f o r  an improvement i n  t h e  o v e r a l l  quantum e f f i c i e n c y  
s i n c e  t h a t  po r t ion  of t h e  l i g h t  t r ansmi t t ed  by each l aye r  i s  
passed through another  photoemissive l a y e r  with t h e  r e s u l t  

t h a t  more photoelectrons can be produced f o r  a given inc iden t  
: l i g h t  than with a s i n g l e  photosurface.  

The mul t i layered  photo cathode, whi lecof fer ing  improvements 
i n  quantum e f f i c i e n c y ,  a l so  poses some problems which may be 
d i f f i c u l t  t o  r e so lve ,  F i r s t ,  t h e r e  a r e  cons iderable  manufacturing 

4 .  H. Mayer, " D i e  Vielschichten - photozel le" .  Z. Physik 1946 
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d i f f i c u l t i e s  involved w i t h  making good photocathodes i n  
complex forms s ince  the processes involved must be c a r r i e d  
out by evaporat ing the  ma te r i a l s  i n  vacuum, Second, f o r  
a p p l i c a t i o n s  i n  l a s e r  de t ec t ion ,  which r e q u i r e  very f a s t  
response t i m e s ,  some d i f f i c u l t y  w i l l  be encountered i n  keeping 
photo-electron t r a n s i t  time d i s t r i b u t i o n  smal l ,  
t h a t  photoelectron t r a n s i t  t i m e  i s  a func t ion  of t he  app l i ed  
vo l t age ,  however, i n  complex s t r u c t u r e s ,  i t  i s  extremely 
d i f f i c u l t  t o  keep e l e c t r i c  f i e l d  i n t e n s i t y  cons tan t  over a l l  
p a r t s  of the  s t r u c t u r e ,  

I t  i s  t r u e  

2.  Absorbing Cone Photocathode 

A r ecen t  proposal by a General E l e c t r i c  s c i e n t i s t  
combines a r e l a t i v e l y  easy t o  make photocathode with a 
geometry which w i l l  provide n e a r l y  the maximum t h e o r e t i c a l  
quantum e f f i c i e n c y  from a given photo-emissive m a t e r i a l .  
This  technique involves t h e  u se  of a photocathode deposi ted 
on the  in s ide  of a Mendenhal cone, The Mendenhal cone i s  
a device found i n  one commercial ca lor imeter  which i s  used 
f o r  measuring the  energy output from pulsed l a s e r s ,  
Mendenhal cone i s  simply a con ica l  hole  i n  a p iece  of meta l .  
The in s ide  apex angle of the cone i s  approximately 14' and the  
s i d e s  of t h e  cone a r e  pol ished t o  provide a specular  f i n i s h .  
This  device has  the  property t h a t  any r a d i a t i o n  e n t e r i n g  t h e  
cone acceptance angle  i s  t o t a l l y  absorbed through mul t ip l e  
r e f l e c t i o n s  from the  surface of the cone, 

A 

It  was proposed t h a t  a photocathode be deposi ted on 
t h e  in s ide  su r face  of a m e t a l l i c  con ica l  hole  with proper 
apex angle ,  The r e s u l t  i s  t h a t  most of the  l i g h t  photons 
which e n t e r  the  cone a r e  absorbed i n  mul t ip l e  r e f l e c t i o n s  
by the  photocathode mater ia l .  
i n t e r f a c e  between the  photoemissive m a t e r i a l  and the  support ing 
specular  su r f ace .  
n e a r l y  the  maximum t h e o r e t i c a l  quantum e f f i c i e n c y ,  
v i c e  o f f e r s  a r e l a t i v e l y  simple s t r u c t u r e  upon which t o  de- 
p o s i t  a photonathode * 

t h a t  the  photocathode can be formed us ing  e x i s t i n g  equipment 
and techniques.  I n  add i t ion ,  the  photoelectron t r a n s i t  t i m e  
spread can be con t ro l l ed  very wel l  by combinations of  
e l e c t r i c  and magnetic f i e l d s .  

The only l o s s e s  occur a t  t he  

This  device i n  theory should provide very 
This de- 

Preliminary i n v e s t i g a t i o n s  i n d i c a t e  
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B.  DYNODE M I X I N G  TECHNIQUES 

I t  has been proposed by General E l e c t r i c  t h a t  a con- 
ven t iona l  photomul t ip l ie r  can be used a s  a double conversion 
superhetrodyne, I n  t h i s  app l i ca t ion ,  the photomul t ip l ie r  
i s  used a s  a conventional photomixer with the  Signal  beam 
and the l o c a l  o s c i l l a t o r  beam inc iden t  upon the  photocathode. 
Photomixing takes  p lace  and i f  the congruency requirements 
a r e  met t he  beam of photoelectrons i s  modulated with the  
intermediate  frequency which i n  t u r n  i s  modulated with the  
information s i g n a l .  The f i r s t  dynode or  f i r s t  s e v e r a l  dynodes, 
a s  t he  case may d i c t a t e ,  a r e  modulated with t h e  second l o c a l  
o s c i l l a t o r  frequency. Since v a r i a t i o n s  i n  dynode vol tage  pro- 
duce v a r i a t i o n s  i n  t h e  gain of  t he  m u l t i p l i e r  s e c t i o n ,  mixing 
w i l l  take p l ace  between the f i r s t  intermediate  frequency pro- 
duced by the mixing of the two l i g h t  beams and t h e  second 
l o c a l  o s c i l l a t o r  frequency t o  produce a d i f f e rence  frequency 
which i s  t h e  second intermediate frequency. An almost 
exac t  p a r a l l e l  t o  the  type of mixing may be seen i n  the  
opera t ion  of t he  pentagrid converter  which i s  popular i n  
commercial r ad io  r ece ive r s ,  The second in te rmedia te  f r e -  
quency i s  now amplif ied along with the photocurrent  i n  
t h e  remainder of the  dynodes. 

This technique w i l l  allow f o r  t h e  d e t e c t i o n  of r e l a t i v e l y  
h igh  f i r s t  intermediate  frequencies by conventional photo- 
m u l t i p l i e r  tubes,  Most photomult ipl iers  c u t  o f f  below 300 
megacycles and only a few can respond t o  s i g n a l s  i n  the  
region of 450 megacycles, The time spread d i s t r i b u t i o n  of 
t h e  photoelectrons from a good photocathode i s  very narrow, 
and most of the  time spreading, which i s  p r imar i ly  respons ib le  
f o r  the f a s t  r o l l o f f  o f  frequency response i n  photomul t ip l ie rs  , 
occurs  f u r t h e r  on down the dunode cha in ,  Therefore ,  i f  the 
second I F  i s  low enough so  t h a t  the  m u l t i p l i e r  chain can 
handle i t  without undue a t t enua t ion ,  we have e f f e c t i v e l y  in-  
c reased  the bandwidth c a p a b i l i t i e s  of the photomul t ip l ie r  i n  
photomixing app l i ca t ions .  I n  a d d i t i o n ,  some conversion ga in  
can be r e a l i z e d  from the second mixing opera t ion .  This 
technique i s  p a r t i c u l a r l y  a t t r a c t i v e  s.ince the  wel l - sh ie lded  
photomul t ip l ie r  r e c e i v e r  i s  no t  plagued by the  complex image 
problems encountered in  conventional double conversion super- 
heterodyne r a d i o s ,  
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111 LASER TRANSMISSION THROUGH THE ATMOSPHERE 

A ,  THE ATMOSPHERE AND LASER SPACE COMMUNICATION 

Any app l i ca t ion  of the l a s e r  f o r  communication between 
a space veh ic l e  and e a r t h  au tomat ica l ly  suggests  t h a t  one of 
the  te rmina ls  be on the ea r th  i t s e l f ,  Such an e a r t h  t e rmina l ,  
however, r e q u i r e s  t h a t  the l a s e r  beam t r a v e l  through t h e  
e a r t h ' s  atmosphere, A s  the fol lowing d iscuss ion  i n d i c a t e s ,  
a t r i p  through the  atmosphere can cause some dras ' t ic  changes 
i n  t h i s  l a s e r  beam and c rea t e  some formidable problems f o r  
t he  l a s e r  r ece ive r .  

The bas i c  e f f e c t s  which must be considered can be c l a s s i -  
f i e d  a s  fol lows:  

1. I '  Seeing'' e f f e c t s  
2 ,  Absorptive a t t enua t ion  
3 ,  S c a t t e r i n g  (nonabsorptive a t t enua t ion )  
4 ,  High energy e f f e c t s  
5 ,  Background noise  

For tuna te ly ,  the  problem of t ransmission of l i g h t  through 
t h e  atmosphere has been of g r e a t  concern t o  astronomers and 
has  received some p r i o r  a t t e n t i o n ,  Therefore ,  t he re  a r e  da ta  
a v a i l a b l e  which allow an es t imat ion  of many of t h e  e f f e c t s  of 
t h e  atmosphere on a l a s e r  beam, This da ta  w i l l  now be examined 
and recommendations w i l l  be made on how t o  expand, supplement, 
and apply t h i s  data  t o  the l a s e r  space communication problem, 

B ,  DISCUSSION 

1, ' I  Seeing" Ef fec t s  

To the  astronomer, the problem of "seeing'' through the  
atmosphere p laces  l i m i t s  on t he  accuracy of p o s i t i o n  de te r -  
minat ion,  the  br ightness  of de t ec t ab le  obj.ects and t h e  
r e s o l u t i o n  and c o n t r a s t  of h i s  observa t ions ,  The twinkl ing 
of a s t a r  may be a j o y  t o  a c h i l d  but  i t  i s  a problem of 
major proport ions t o  the astronomer and w i l l  be a major pro- 
blem t o  the  designer of space l a s e r  systems where the l a s e r  
beam w i l l  t r a v e r s e  the  atmosphere, The general  t e r m ,  twinkle ,  
can be broken i n t o  the following components: 
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1, S c i n t i l l a t i o n  
2 ,  Dancing 
3 ,  Pul sa t ion  (defocussing) 
4 ,  Rotat ion 

S c i n t i l l a t i o n  r e f e r s  t o  an amplitude modulation o r  
m u l t i p l i c a t i v e  no i se  impressed on the  l i g h t  s i g n a l  by the  
atmosphere, This  i s  e a s i l y  observable with a s t a r  focussed 
on a photodetector  S c i n t i l l a t i o n  frequencies  have been 
observed a s  high a s  1000 cycles  per  second, There i s  a 
s t rong  c o r r e l a t i o n  between t h i s  e f f e c t  and the wind v e l o c i t y  
near  the  tropopause,  S c i n t i l l a t i o n  can be shown t o  be 
s p a t i a l l y  incoherent over very small angles ,  
with two seconds of a r c  separa t ion  between two s t a r s  have shown 
very l i t t l e  c o r r e l a t i o n  i n  t h i s  e f f e c t ,  This  e f f e c t  can 
the re fo re  be averaged out f o r  l a r g e r  a p e r t u r e s  or f o r  l a r g e  
s i z e d  observed o b j e c t s ,  For some t r ack ing  missions o r  communi- 
c a t i o n  systems of very small information bandwidth, t h i s  
e f f e c t  could a l s o  be averaged out i n  t i m e , ,  

Measurements 

I f  one removes the  eyepiece of a te lescope  and looks a t  
t he  ape r tu re  , t h e  turbulence causing the s c i n t i l l a t i o n  can 
be seen. There a r e  elements varying from roughly an inch 
o r  two i n  dimension t o  areas  l a r g e r  than s i x  or  e i g h t  inches 
These elements,  a s  ca r r i ed  by t h e  winds nea r  the  tropopause,  
can be seen t o  stream pas t  the  a p e r t u r e ,  A frame-by-frame 
examination of mcition p i c tu re s  taken of t he  phenomenon re- 
w a l s  p r a c t i c z l l y  no c o r r e l a t i o n  from frame t o  frame, Thus, 
the  tu rbu len t  elements are  changing s i z e  and shape more 
r a p i d l y  than they a r e  ca r r i ed  p a s t  the  a p e r t u r e ,  It  appears 
t h a t  these  f l u c t u a t i o n s  in the  elements take  p lace  i n  less 
than t h i r t y  mi l l i seconds .  There a r e  then two sources of 
s c i n t i l l a t i o n  modulation, The f i r s t  i s  the  turbulence of 
the  atmosphere and the  second i s  the streaming of t h i s  t u r -  
bulence ac ross  the aper ture  a s  i t  i s  c a r r i e d  by the  wind, 
A s  a f i r s t  approximation, a t  l e a s t ,  these  e f f e c t s  appear t o  
be independent. I n  the design of an o p t i c a l  communication 
system, t h i s  e f f e c t  would be considered a s  an a d d i t i o n a l  
source of f l u c t u a t i o n  over t he  photon no i se  inherent  i n  the 
sys t em.  

A s  a s t a r  i s  observed with h igher  and higher  powers, 
i t  begins t o  dance back and f o r t h  about some mean p o s i t i o n  

. 
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i n  a random manner, A time exposure wi th  a photographic p l a t e  
o r  o the r  d e t e c t o r  gives  a l a rge  image, but  a f a i r l y  accura te  
p o s i t i o n  can be determined by the  averaging p rocess?  Very 
s h o r t  exposures y i e l d  a f a i r l y  sharp image but  an i n d e f i n i t e  
p o s i t i o n ,  S c i n t i l l a t i o n  and image motion were i n  the p a s t  
thought t o  be c l o s e l y  r e l a t e d ,  but  r ecen t  experiments have 
e s t a b l i s h e d  t h a t  they  a r e  a c t u a l l y  independent Image dancing 
i s  h igh ly  c o r r e l a t e d  over an apprec iab le  s p a t i a l  f i e l d ,  
S t a r  dancing is  a t t r i b u t e d  t o  r e f r a c t i v e  e f f e c t s  i n  the  t u r -  
bulence of the  lower atmosphere near  the  observer ,  A s  an 
ex tens ion ,  t h e  r e f r a c t i o n  by the  atmosphere , which inc reases  
as e l e v a t i o n  angle i s  decreased, can be considered a s  a d , c  
component of the image dancing phenomenon, For very narrow 
r e c e i v e r  beamwidth o p t i c a l  communication systems , t h i s  e f f e c t  
may cause some t r ack ing  problems, I t  may a l s o  cause some 
problems f o r  heterodyne de tec t ion ,  Observations show t h e  
dancing i s  of the order  of s e v e r a l  seconds of a r c .  

The p u l s a t i o n  or  defocusing phenomenon can be observed 
by examining the  image plane of ii t e l e scope ,  The image of  
a s t a r  becomes l a r g e r  and smaller  i n  a random manner, A t  
one i n s t a n t  t h e r e  i s  a sharp image, and a t  a l a t e r  i n s t a n t  
t h e r e  i s  a fuzzy image. There i s  n o t  enough experimental  
da t a  a t  t h i s  t i m e  t o  make a dec is ion  a s  t o  t he  source of t h i s  
e f f e c t ,  

The f o u r t h  phenomenon i s  observed a t  very  g r e a t  magni- 
f i c a t i o n ,  The s t a r  image looks almost l i k e  a pinwheel, I t  
slowly r o t a t e s  f i r s t  i n  one d i r e c t i o n  and then i n  the  o t h e r  
wi th  r ays  extending and subsiding cont inuously,  
can probably be grouped with the  pu l sa t ion  e f f e c t  and be 
considered a s  a defocussing phenomena. 

This e f f e c t  

A s  w a s  s t a t e d  e a r l i e r ,  these "seeing" e f f e c t s  w i l l  be a 
major concern i n  t h e  design of a space l a s e r  communication sys-  
t e m  t h a t  uses  an earth-based t e rmina l ,  S c i n t i l l a t i o n  produces 
a noise  modulation on the s i g n a l ,  however l a r g e r  a p e r t u r e s  tend 
t o  average out  t h e  e f f e c t ,  A space l a s e r  communication system 
can be expected t o  have a good-sized ape r tu re  so t h a t  t h i s  
phenomenon can be considered as a simple l o s s  i n  t h e  system 
gain-margin c a l c u l a t i o n s ,  The phenomena of dancing, defocussing,  
and r o t a t i o n  w i l l  become a major problem i f  heterodyne d e t e c t i o n  
i s  t o  be employed by a r e c e i v e r ,  
t h a t  dancing, meaning a tilt  of t h e  inc iden t  plane wave, i s  much 
less  s e r i o u s  than  defocusking i n  heterodyne recept ion, ,  It i s  
t h e r e f o r e  important t o  obta in  d a t a  on focussing a p a r t  from dancing. 

It  has  been r e c e n t l y  demonstrated 
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The atmospheric e f f e c t s  causing the  "seeing" problems 
appear t o  favor a l i n k  f rom a spacec ra f t  t o  e a r t h  over a 
l i n k  from e a r t h  t o  the  s p a c e c r a f t ,  I f  the atmosphere should 
bend an o p t i c a l  s i g n a l  through an angle on the  pass  from 
spacec ra f t  t o  e a r t h ,  the  e f f e c t  may no t  be too  g r e a t  due 
t o  the  f a i r l y  s h o r t  dis tance between the  r e c e i v e r  and the 
loca t ion  of the  bending. However, i f  the same bending angle  
i s  imposed on the  outgoing beam, the  long pa th  l eng th  t o  the  
spacec ra f t  w i l l  cause the  s i g n a l  t o  completely m i s s  the  r e -  
ce ive r  o Poin t ing  determined from a received beam minimizes 
t h i s  problem. 

2 a Attenuation 

Consider now the a t t e n u a t i o n  of l i g h t  a s  i t  
passes  through the  atmosphere, neg lec t ing  the e f f e c t s  of 
atmosphere turbulence.  As l i g h t  passes  through a volume 
of a i r ,  t he re  w i l l  be both an absorpt ion and a s c a t t e r i n g  
of l i g h t  which w i l l  remove l i g h t  from the  beam, The equat ion of 
t r a n s f e r  i n  such cases  i s  given by Chandrasekher i n ,  "An 
In t roduct ion  t o  the  Study of S t e l l a r  S t ruc ture"  and i n  o the r  
works, The continuous a t tenuat ion  of a s i g n a l  may be con- 
s i d e r e d  a s  c o n s i s t i n g  of molecular (Rayleigh) s c a t t e r i n g ,  
absorp t ion ,  and some s c a t t e r i n g  by longer p a r t i c l e s ,  The 
t o t a l  t ransmission of an atmosphere i s  given,  f o r  example, 
by Al len ,  i n  "Astrophysical Quant i t ies" ,  A s  given t h e r e ,  
f o r  a c l e a r  atmosphere, 1 a i r  mass, and O m 4 p ,  t h e  t ransmission 
i s  63 percent ;  a t  0 . 4 5 / J ,  73 percent ;  a t  0 - 5 0 p ,  80 percen t ;  
a t  0 , 5 5 p ,  83 percent ;  a t  0.60,U, 84 percen t ;  a t  0 . 6 5 p ,  88 
percen t ;  a t  O o 7 O P ,  91 percent ;  at.80/1, 94 percen t ;  and a t  lp, 
9 €  percent .  These f igu res  include Rayleigh s c a t t e r i n g  with 
by dus t  p a r t i c l e s  i n  the  c l e a r  a i r ,  Since one a i r  mass i s  
equiva len t  t o  roughly 8 KM of a i r  a t  S , T , P  , t h i s  da ta  may 
be d i r e c t l y  appl ied  f o r  an 8 KM path i n  c l e a r  a i r .  Because 
of t h i s  high t ransmission,  t h i s  should n o t  be an important 
f a c t o r  i n  c a l c u l a t i o n s ,  u n l e s s  extreme ranges i n  the  atmos- 
phere a r e  requi red .  

Band absorption by atmospheric gases a l s o  e x i s t s ,  
bu t  a t  p re sen t  wavelengths t h i s  i s  no t  a problem. Data on 
t h i s  w i l l  a l s o  be found in A l l e n ' s  work. 
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When haze,  fog,  o r  clouds occur ,  the s i t u a t i o n  
changes r a d i c a l l y ,  The a t tenuat ion  can e a s i l y  become g r e a t  
enough t o  make an o p t i c a l  communication system i n e f f e c t i v e  a 
The Opt ica l  Communication Study, F i r s t  Report pointed out 
t h a t  t ransmission t o  the  e a r t h  s t a t i o n ,  through c louds ,  
may be poss ib l e  ., Successful t ransmission i n  the  reverse  
d i r e c t i o n  i s  less l i k e l y ,  however Middleton, "Vission 
Through the  Atmosphere" i s  a b a s i c  r e fe rence  on the  da ta  
t h a t  i s  a v a i l a b l e ,  A t  p resent ,  i t  i s  n o t  poss ib l e  t o  r e a d i l y  
e s t ima te  a t t e n u a t i o n  by fog and c louds ,  and much a d d i t i o n a l  
work i s  r equ i r ed ,  

3 ,  High Energy Ef fec t s  

This t o p i c  i s  included a s  a poss ib l e  problem o r  
advantage f o r  the  e a r t h  t o  spacec ra f t  l i n k  of an o p t i c a l  
communication system. The s i t u a t i o n  here  envis ioned i s  one 
i n  which the i n t e n s i t y  of t h e  o p t i c a l  beam i s  s u f f i c i e n t l y  
g r e a t  t o  modify the  p rope r t i e s  of t he  atmosphere. There i s  
j u s t  n o t  enough da ta  a t  present  t o  forecase  what w i l l  occur.  
One p o s s i b i l i t y  of a problem would be increased  absorp t ive  
a t t e n u a t i o n  of t h e  s i g n a l ,  One p o s s i b i l i t y  of an advantage 
would be i f  t h i s  energy could c l e a r  a pa th  through haze o r  
fog  f o r  subsequent use a t  lower l e v e l s ,  

4. Background Noise 

The problem of background no i se  due t o  the  atmos- 
phere has rece ived  a great  dea l  of  a t t e n t i o n  by astronomers 
pushing out  f o r  f a i n t e r  and f a i n t e r  s t a r s ,  
conta ins  enough da ta  f o r  most design problems of  an o p t i c a l  
space communication system, The s t a t i s t i c s  of narrow f r e -  
quency bands of t h i s  noise  w i l l  be r equ i r ed ,  however, f o r  
t h e  design of extremely low-level o p t i c a l  r e c e i v e r s ,  

A l l e n ' s  work 
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SECTION 4 

RE COMMENDAT I ONS 

Based upon t h e  ove ra l l  r e s u l t s  o f  t h e  study and upon t h e  
d iscuss ion  i n  t h e  preceding s e c t i o n ,  t h e  following descr ibed 
programs are recommended,, 

I WAVE CONGRUENCE COMPENSATION 

This is t h e  most c r u c i a l  and perhaps most d i f f i c u l t  o f  
t h e  problems confront ing t h e  r e a l i z a t i o n  o f  p r a c t i c a l  he t e r -  
odyne d e t e c t i o n ,  It i s  the re fo re  recommended f o r  f i r s t  p r i o r i t y  
i n  t h e  t a s k  sequence, The approach o u t l i n e d  below i s  designed 
t o  g ive  an  e a r l y  demonstration of b a s i c  concepts,  followed by 
a broad eva lua t ion  of a l t e r n a t e  approaches, and f i n a l l y  an 
i n t e n s i v e  p e r s u i t  of a se l ec t ed  approach, 

1. A l abora tory  experimental heterodyne d e t e c t i o n  l i n k  
should be set  up, The equipment should be o f  s u f f i c i e n t  q u a l i t y  
t o  reproducibly demonstrate near  optimum d e t e c t i o n  ga in ,  This 
impl ies  d i f f r a c t i o n  l imi ted  o p t i c a l  q u a l i t y ,  good mechanical 
s t a b i l i t y ,  and good l a s e r  s t a b i l i t y .  

Means should be provided f o r  p rec i s ion  adjustment of beam 
angle  and divergence, and f o r  modulation of t h e  s i g n a l  wave, 

The i n i t i a l  t es t s  w i l l  demonstrate o p t i c a l  heterodyne 
d e t e c t i o n  under simple changes i n  angle  of  incidence and beam 
divergence, These tests w i l l  v e r i f y  t h e  theory and check the  
appara tus ,  They w i l l  be performed a t  high s i g n a l  l e v e l  t o  
minimize noise  problems at  t h i s  s t a g e ,  Addit ional  v e r i f i c a t i o n  
w i l l  be obtained by r e l a t i n g  v i s u a l  i n t e r f e r e n c e  p a t t e r n s  t o  
d e t e c t i o n  g a i n  i n  homodyne d e t e c t i o n ,  

2, Having e s t ab l i shed  an experimental  b a s i s  f o r  t h e  
phenomena, a demonstration of  remedial  measures should be 
performed, This would requi re  t h e  cons t ruc t ion  of a s i n g l e  
row d a  100-element de tec tor  a r r ay .  Such a one-dimensional 
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r e p r e s e n t a t i o n  would s a c r i f i c  very l i t t l e  g e n e r a l i t y ,  and 
would be  l e s s  expensive than a f u l l  a r r a y ,  
periments w i l l  be performed with simple d e t e c t o r s  and o p t i c s  
because a high s i g n a l  l e v e l  w i l l  be a v a i l a b l e ,  
of  I F  phase s h i f t  and sum amplitude w i l l  be made under simple 
changes i n  beam alignment and divergence, 

The i n i t i a l  ex- 

Measurement 

Since t h e  wave pa t t e rns  w i l l  be s t a t i c  and con t ro l l ed ,  
both phase c o r r e c t i o n  and d i s c r e t e  demodulation experiments 
can be performed without  t h e  complication of r a p i d  phase changes, 

3 .  The experiments w i l l  then  be extended t o  include t h e  
e f f e c t s  of random wave f ron t  d i s t o r t i o n ,  This  could be generated 
by passing t h e  beam through a c e l l  of  convecting water  o r  a i r -  

Detection ga in  w i l l  be c o r r e l a t e d  wi th  a measure of wave 
d i s t o r t i o n ,  such as t h e  apparent s i z e  o f  t h e  source,, This w i l l  
serve as a b a s i s  f o r  pred ic t ing  performance i n  atmospheric 
r e f r a c t i o n  condi t ions ,  

4 ,  The problem of photo-detector and demodulator no i se  
w i l l  be a t t acked  by t h e  preliminary tests with d e t e c t o r  and 
demodulators, While these  cons idera t ions  are perhaps not  
d i r e c t l y  connected w i t h  wave d i s t o r t i o n  e f f e c t s ,  da t a  i s  needed 
t o  properly eva lua te  the  a l t e r n a t i v e  techniques which have been 
proposed, The tes ts  w i l l  eva lua te  no i se  level i n  photo-emissive 
and photo-conductive de t ec to r s  o f  var ious  types ,  both s i n g l y  and 
i n  a r r a y  combinations, Low l e v e l  phase lock loop ope ra t ion  w i l l  
be  eva lua ted"  

The r e l a t i v e  performance of t h e  phase c o r r e c t i o n  and t h e  
d i s c r e t e  demodulation techniques w i l l  then  be evaluated by 
ope ra t ion  of  a ten-element l i n e a r  a r r a y  i n  a s i g n a l  wave of  
known low l e v e l  

5 ,  The foregoing experiments, t oge the r  with concurrent 
a n a l y s i s ,  w i l l  l e ad  t o  the s e l e c t i o n  of a p re fe r r ed  technique. 
The a n a l y s i s  w i l l  include theory and design cons idera t ions  of 
t h e  TWT phase c o r r e c t o r ,  and t h e  s p e c i a l  image tube descr ibed 
above (, 

6 ,  Fur ther  t e s t s  w i l l  be performed a t  an ou t s ide  range 
t o  c o r r e l a t e  t h e  laboratory r e s u l t  w i t h  n a t u r a l  atmospheric 
e f f e c t s ,  Thes"e t e s t s  w i l l  be  evaluated with t h e  a id ,  of con- 
cu r ren t  atmospheric propagation tes ts  t o  provide an es t imate  
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of t h e  performance of a f u l l  s c a l e  space communication l i n k .  
An important r e s u l t  w i l l  be an es t imate  of  t h e  number of 
elements requi red  i n  a p r a c t i c a l  space communication s i t u a t i o n ,  

I n  t h e  course of t h e  experiments and a n a l y s i s ,  information 
w i l l  be gained on r e l a t e d  problems and requirements,  such a s  
laser  o s c i l l a t o r  l i n e  width, s t a b i l i t y ,  andioff-mode r a d i a t i o n ,  
frequency s h i f t  due t o  atmospheric turbulence,  and the  e f f e c t s  
of  amplitude s c i n t i l l a t i o n  and p o l a r i z a t i o n  s h i f t  i n  t h e  
atmosphere, 

11 ~ PHOTO-DETECTOR IMPROVEMENT 

Although t h e  photo-conduction d e t e c t o r  has  a present  
advantage i n  quantum e f f i c i ency  and appears t o  be  w e l l  s t u i t e d  
otherwise f o r  heterodyne de tec t ion ,  i t s  a d a p t i b i l i t y  t o  t h e  
requirements of wave congruence compensation i s  not  known and 
w i l l  not be known u n t i l  the previous t a s k  i s  w e l l  underway 
It i s  recommended t h a t  t h e  fol lowing l i m i t e d  work be done on 
t h e  photo emission de tec tor  as a backup f o r  photo-conduction, 

It must be noted t h a t  t h e r e  a r e  f r i n g e  b e n e f i t s  accruing 
from t h e  work proposed below which are app l i cab le  t o  a reas  o f  
engineer ing o t h e r  than  t h e  d e t e c t i o n  of l a s e r  beams, 

1, Absorbing Cone Photocathode 

It i s  recommended t h a t  a study program be i n s t i t u t e d  
t o  develop and descr ibe  the c a p a b i l i t i e s  of  the: absorbing cone 
photocathode. The study w i l l  explore  t h e  expected improvement 
i n  quantum e f f i c i e n c y ,  t h e  geometry of t h e  cone, and t h e  photo- 
e l e c t r o n  o p t i c s  problems, Techniques and methods f o r  focussing,  
a c c e l e r a t i n g  and mult iplying t h e  photoelectrons w i l l  be e s t a b l i s h e d .  
Samples of  t h e  cone photo-cathode w i l l  be prepared i n  t h e  l abora to ry  
and s u f f i c i e n t  measurements made t o  f u l l y  descr ibe  t h e  c a p a b i l i t i e s  
o f  t h e  photocathode. 

2 ,  Dynode Mixing Techniques 

It i s  recommended t h a t  a study program be 
t o  i n v e s t i g a t e  t h e  c a p a b i l i t i e s  of  photomul t ip l ie r  tubes 
i n s t i t u t e d  a s  dual  conversion superheterodyne r e c e i v e r s  f o r  
o p t i c a l  mixing appl ica t ions  The ga in  versus  dynode vol tage  
c h a r a c t e r i s t i c s  o f  e x i s t i n g  photomul t ip l ie r  tubes w i l l  be 
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i nves t iga t ed  as w e l l  as the  g a i n  versus  focussing and acce le r -  
a t i o n  e l ec t rode  vol tages  of e x i s t i n g  photomul t ip l ie r  tubes.  
A series of experiments w i l l  be designed i n  which e x i s t i n g  
tubes a r e  t e s t e d  as dynode mixers and t h e  r e s u l t s  app l i ed  t o  
t h e  p o s t u l a t i o n  of an improved tube i n  which t h e  dynode s t r u c t u r e  
i s  optimized not on ly  f o r  optimum g a i n  and t i m e  spread but a l s o  
f o r  optimum conversion gain,  I n  a d d i t i o n ,  t h e  d e s i r a b i l i t y  
of  adding o r  a l t e r i n g  t h e  placement of  mixing e l ec t rodes  be- 
tween t h e  photocathode and t h e  dynode s t r u c t u r e  w i l l  be 
i n v e s t i g a t e d  

The study should allow f o r  thezssembly and t e s t  of an 
improved tube i f  t h e  r e s u l t  o f  t h e  experimental  tes ts  and 
t h e  study of  c a p a b i l i t i e s  i nd ica t e  t h a t  such a s t e p  i s  
warranted, 

111, LASER AND MODULATOR 

This s tudy has  not looked deeply i n t o  t h e  mat te r  
o f  laser design,  except where t h e  output  c h a r a c t e r i z a t i o n  o r  
t h e  mode of  modulation made i t  necessary.  W e  no te  t h a t  our  
t r a n s m i t t i n g  laser resembles a gas laser  i n  every r e spec t  
except a v a i l a b l e  average power, where i t  exceeds most gas 
lasers by a f a c t o r  of  about twenty t i m e s ,  We f e e l  t h a t  laser 
design w i l l  progress  near ly  independently of our recommendations, 
and do not spec i f ica l ly  recommend b a s i c  l a s e r  development as 
a follow-on t o  t h i s  s tudyc  Recent developments i n  gas lasers 
promise g r e a t  improvement i n  e f f i c i e n c y  and average power. 
Should these  prove sudcessful ,  t h e  requirement w i l l  be m e t .  
On t h e  o the r  hand, t h e  i n j e c t i o n  diode laser has  a l ready  
achieved t h e  r equ i r ed  average output  power, toge ther  with a 
q u i t e  acceptab le  e f f i c i ency ,  

Work i s  proceeding a t  General E l e c t r i c  t o  determine and 
improve t h e  s t a b i l i t y  and l i n e  width of t h e  i n j e c t i o n  diode 
laser, It i s  e n t t r e l y  poss ib le  t h a t  our  hypo the t i ca l  laser 
may t u r n  out  t o  be an i n j e c t i o n  diode,  

We recommend t h a t  developments i n  these  a reas  be care-  
f u l l y  monitored, The FSK modulation scheme descr ibed above, 
along with o ther  v a r i a t i o n s ,  should be t h e o r e t i c a l l y  and ex- 
per imental ly  evaluated..  An experimental  FSK laser,  not 
n e c e s s a r i l y  o f  high output o r  e f f i c i e n c y ,  should be b u i l t  
and operated t o  check t h e  problems o f  s t a b i l i t y  and response 
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speed i n  t h e  proposed modulation method, 
d a t a  l i n k  should be set  up t o  eva lua te  t h e  techniques o f  AFC 
without  introducing t h e  problem of  wave congruence. 

A heterodyne FSK 

I V o  COLLECTOR OPTICS 

Deep space communication r equ i r e s  t h e  use of  t h e  
l a r g e s t  a v a i l a b l e  c o l l e c t o r  on t h e  p r i n c i p a l  of  minimizing on- 
board equipment, It has  been shown t h a t  a c o l l e c t o r  of  t h i r t y  
foo t  a p e r t u r e  can probably m e e t  t h e  r e s o l u t i o n  and r e f l e c t i v i t y  
requirements o f  our  system. We recommend t h a t  development of 
such a d ish  be i n i t i a t e d ,  not only f o r  eventua l  use  i n  a deep 
space communication system, but  f o r  i t s  va lue  i n  o t h e r  optical, 
i n f r a  r ed ,  and sub-millimeter experiments, It would be ap- 
p r o p r i a t e  t o  f a b r i c a t e  some sca l ed  down mir rors  t o  eva lua te  
problems i n  su r face  f i n i s h ,  thermal s t a b i l i t y ,  and weathering, 
t h e n  t o  proceed t o  t h e  f a b r i c a t i o n  of some f u l l  s c a l e  s e c t o r s ,  
which would permit f u r t h e r  eva lua t ion  without t h e  c o s t  of a 
complete mir ror .  

Large o p t i c a l  c o l l e c t o r s  with diameters of  up t o  34 f e e t  
have been b u i l t  a t  General Electr ic 's  Missile and Space Division. 
These w e r e  f a b r i c a t e d  by spin-cast ing epoxy i n  a pa rabo l i c  
mold. The c a p a b i l i t i e s  of t h i s  manufacturing technique w e r e  
i n v e s t i g a t e d  and t h e  following conclusionswere drawn from t h e  
i n v e s t i g a t i o n ,  

A complete o p t i c a l  c o l l e c t o r  2 9 , 5  feet i n  diameter can 
b e  f a b r i c a t e d  by t h e  sp in-cas t ing  technique. It i s  poss ib l e ,  
wi th  e x i s t i n g  equipment, t o  provide f numbers between approxi- 
mately f / 0 , 5  t o  f / 6 , 5 .  
i n  diameter by t h e  capaci ty  of t h e  vacuum chambers a v a i l a b l e  a t  t h e  
General E l e c t r i c  Company, which could be used f o r  aluminizing 
t h e  r e f l e c t i n g  su r face ,  The f i n i s h e d  mir ror  would have a tangent 
e r r o r  of not  more than  two minutes over 98% of  i t s  a r e a ,  The 
su r face  roughness would be b e t t e r  than  one micro-inch r m s ,  

The mir ror  would be l i m i t e d  t o  29.5 feet  

The c o l l e c t o r  would b e  f a b r i c a t e d  by f i r s t  bu i ld ing ,  o r  
ob ta in ing ,  a 29,5 foot  diameter parabol ic  antenna with t h e  
r equ i r ed  f o c a l  length ,  This would serve  as t h e  support  f o r  
t h e  epoxy su r face ,  The surface q u a l i t i e s  of  t h e  backing s t r u c t u r e  
would not  be a problem since t h e  sp in-cas t  epoxy would cover t h e  
su r face  of  t h e  backing s t ruc tu re .  The func t ion  of t h e  backing 
s t r u c t u r e  would be t o  support t h e  epoxy during spinning,  and 
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t o  support  t h e  c o l l e c t o r  on t h e  t r ack ing  mount. The support  
of  t h e  c o l l e c t o r  i s  t h e  main problem t o  be encountered i n  a 
sp in-cas t  c o l l e c t o r ,  s i n c e  t h e  backing s t r u c t u r e  must be of 
s u f f i c i e n t  r i g i d i t y  t o  maintain t h e  f i g u r e  of t h e  c o l l e c t o r  
as varying mechanical loads, wind stress, e tc . ,  are encountered 
on t h e  t r ack ing  mount, 

The backing s t r u c t u r e  i s  mounted on t h e  sp in-cas t ing  
machine and t h e  epoxy surface i s  cast ,  Generally,  t h r e e  
coa t s  of epoxy are used which g ives  an  epoxy su r face  which 
i s  between 3/8  and 3 / 4  inches t h i c k .  
would t h e n  be aluminized i n  a vacuum chamber, which i s  now 
i n  ope ra t ion  a t  t h e  Valley Forge Space Technology Center 

The completed c o l l e c t o r  

V. ACQUISITION AND TRACKING 

The problem of  - acqu i s i t i on  and t r ack ing  has  not been 
ex tens ive ly  considered i n  th i s s tudy ,  except as a f a c t o r  i n  
t h e  assignment of  t r ansmi t t e r  beamwidth W e  have considered 
t h e  problem i n  company funded s t u d i e s  and have proposed programs 
t o  NASA which provide a thorough t reatment  of t h e  subjec t , .  
The s e l e c t i o n  of  a 1 arc second t r a n s m i t t e r  beamwidth i n  t h i s  
study w a s  q u i t e  a r b i t r a r y ,  bu t  condi t ioned by an estimate of 
r e a l i z a b l e  poin t ing  capab i l i t y .  I n  f a c t ,  t h e  s e l e c t i o n  of 
an  optimum beamwidth i s  a very complex process ,  depending on 
a n  involved t radeoff  between t r a n s m i t t e r  power and po in t ing  
equipment complexity, This i s  covered i n  our proposal N20238 
t o  NASA-MSC e n t i t l e d  "A Proposal f o r  a Deep Space Laser Acquisi- 
t i o n  and Tracking Study" in  response t o  RFP No, MSC 64-913P. 

W e  recommend t h a t  such a s tudy be performed. The r e s u l t s  
are e s s e n t i a l  t o  a complete understanding and eva lua t ion  of 
o p t i c a l  space communication. 

V I ,  LASER TRANSMISSION THROUGH THE ATMOSPHERE 

A. GENERAL 

There a r e  f i v e  p o t e n t i a l  sources  of 
pe r t a in ing  t o  atmospheric propagation i n  
space and e a r t h :  

experimental  d a t a  
communication between 
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'Astronomical star observations 
.Lower atmosphere test range observations 

.Extra-atmospheric laser source observations or 
,)Observations of earth laser sources from outside the atmosphere. 

S-66 satellite observations (or equivalent) 

None of the first three provides a complete representation 
of the desired space-ground laser link 

If it is deemed desirable to obtain propagation data prior 
to the orbiting of a suitable laser or observation platform, 
it is necessary to attempt a synthesis of existing and acces- 
sible information which will provide the desired data,, 

The recommended program will take this approach, and 
will be based on available data augmented by experiments to 
be performed in specific support of the program, 

A complete representation of the space-earth communica- 
tion situation must meet the following criteria: 

1, The beam diameter at the receiver must approximate 
that of a laser beam, This is pertinent to the 
illumination of the receiver as the beam moves, 

2 .  The beam must traverse the entire atmosphere, 
3 :  The source must be nearly monochromatic. 
4 ,  The source must be stable in intensity and direction, 

When these criteria are applied to the three accessible 
sources of data, the following results are readily obtained: 

Astronomical star observations meets two and four 
Lower atmosphere test range Observations: meets three and four 
S-66 satellite observations: meets two and three 

The deficiencies of each source must be overcome by gen- 
eralizing data from one so that it can be applied to another, 
and by experimental techniiques which supply missing factors 

RECOMMENDED TASKS 

. e  

I 

We recommend that all three experimental approaches be 
impLemented thus providing mutual support and confirmation, 
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I n  a l l  observa t ions ,  t h e  p r i n c i p l e  components o f  atmos- 
phe r i c  effects ,  as reviewed i n  t h e  i n t roduc t ion ,  w i l l  be 
d i f f e r e n t i a t e d .  This i s  important because although t h e  com- 
ponents have e n t i r e l y  d i f f e r e n t  consequences i n  o p t i c a l  
communication, they have o f t en  been confused i n  previous 
r epor t ing .  The propagation experiments descr ibed i n  P a r t  1 
of  t h e s e  recommendations required s p e c i a l  observa t ions  t o  
re la te  wave congruence and image b l u r r i n g ,  By means o f  t h e s e  
tests and appropr i a t e  analysis, it i s  expected t h a t  conclusions 
regarding heterodyne de tec t ion  can be i n f e r r e d  p r i o r  t o  a c t u a l  
space experience,  

1, Astronomical Star Observations 

It i s  recommended t h a t  astronomical s ta r  observa t ions  
be  made, 
observa t ions  i f  a s u f f i c i e n t l y  narrow band f i l t e r  can be used,  
Calcu la t ions  show t h a t  a zero magnitude s t a r  can be observed 
a t  an adequate level through a f i l t e r  of a f e w  Angstroms pass 
band, Further  ca l cu la t ions  w i l l  show whe the r  o r  no t  t h e  i n t e r -  
fe rence  phenomena of  i n t e r e s t  w i l l  be observable  under such 
condi t ions  

The c r i t e r i o n  for  monochromaticity can be m e t  i n  s t a r  

The c r i t e r i o n  on beam diameter p laces  a requirement on 
o t h e r  observat ions t o  determine the  significance of  a beam 
dLameter d i f f e rence  a s  appl ied t o  t h e  astronomical s ta r  ob- 
se rva t ions .  

As t h e  ast ronomical  s tar  observa t ions  w i l l  be made through 
a n igh t  sky, ex t r apo la t ion  of  r e s u l t s  t o  daytime laser propagation 
m u s t  be based on o t h e r  observat ions e 

The astronomical s t a r  observa t ions  w i l l  y i e l d  da ta  pr imar i ly  
11 on t h e  

obta ined  
seeing' '  e f f e c t s  but d a t a  on background no i se  can a l s o  be 

2 ,  T e s t  Range Observations 

It i s  recommended t h a t  observat ions be made on a 
Resul ts  would be augmented by lower atmosphere eest  range, 

a l r eady  a v a i l a b l e  da ta .  The c r i t e r i o n  on beam diameter w i l l  
be  explored using a range of diameters f o r  both beam and re- 
ce iv ing  ape r tu re  > It i s  expected t h a t  t h e  r e l a t i o n s h i p  between 
r e f r a c t i o n  e f f e c t s  and the abso lu te  and re la t ive  diameters of 
beam and r e c e i v e r  ape r tu re  can then  be deduced w i t h  t h e  a i d  of 
d a t a  from t h e  observat ion o f  t h e  S-66 s a t e l l i t e ,  
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The c r i t e r i o n  on t r a v e r s a l  completely through t h e  
atmosphere can be  assuagedby t h e  use o f  da t a  from o t h e r  
observa t ions .  

The tes t  range observations w i l l  y i e l d  d a t a  pr imar i ly  
on absorp t ion  and s c a t t e r i n g  phenomena. 
d a t a  w i l l  a l s o  be accumulated, 

Background no i se  

3 .  S-66 Sate l l i t e  Observations 

It i s  recommended t h a t  observat ions of t h e  S-66 
o r  o t h e r  r e t r o r e f l e c t o r  carrying s a t e l l i t e  be made, 

The c r i t e r i o n  on beam diameter may be m e t  wi th  respect 
t o  near  range app l i ca t ions ,  I ts  ser iousness  f o r  long range 
a p p l i c a t i o n s  must be deduced with t h e  a i d  of o t h e r  observa t ions .  
T e s t  range sca l ed  experiments a r e  expected t o  provide 
an  approximate co r rec t ion  f o r  t h e  var iance  from t h e  des i r ed  
condit  ion ,  

The c r i t e r i o n  f o r  source s t a b i l i t y  w i l l  not be m e t  due 
t o  a v a r i e t y  of  f a c t o r s  including change o f  r e f l e c t o r  aspec t  
angle ,  ground laser source no i se  and t h e  fact  t h a t  t h e  l i g h t  
r e f l e c t e d  w i l l  have j u s t  t r ave r sed  t h e  atmosphere, To some 
ex ten t  t h e  e f f e c t  of  these f a c t o r s  can be averaged ou t  o r  
o therwise  compensated, e.g, , post  f a c t o  co r rec t ions  f o r  laser 
output  v a r i a t i o n  and t racking e r r o r s  can be made. The remain- 
i ng  d e f i c i e n c i e s  are expected t o  be overcome with t h e  a i d  of  
d a t a  from o t h e r  observat ions.  

I n  r ecen t  experiments a t  General Electric,  it has  been 
observed t h a t  dancing i s  g r e a t l y  reduced i n  a round t r i p  from 
a d i f f u s i n g  t a r g e t ,  when t h e  source and r e c e i v e r  are o p t i c a l l y  
co inc ident ,  This experiment w i l l  be repeated on t h e  t e s t  range 
f o r  a r e t r o r e f l e c t o r  t a r g e t ,  and t h e  r e s u l t s  used i n  an a n a l y s i s  
o f  t h e  S-66 experiment. The observat ions should a l s o  include 
s c i n t i l l a t i o n  and b lu r r ing ,  

The observa t ions  w i l l  provide va luable  confirmation of 
t h e  s ta r  and t e s t  range data .  
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V I I ,  THEORETICAL SYSTEM AND PHYSICAL ANALYSES 

The t h e o r e t i c a l  aspects  o f  t h e  information capac i ty  
of a quantized wave have been t r e a t e d  i n  t h e  present  s tudy.  
This treatment covered f i r s t  t h e  t h e o r e t i c a l  information capac i ty  
of a noisy quantized wave, then  compared t h i s  t o  t h e  r e l a t i v e  
a b i l i t y  of  both coherent and incoherent r e c e i v e r s  t o  e x t r a c t  
information from t h e  wave, 

Several  u s e f u l  and very gene ra l  r e l a t i o n s  w e r e  developed, 
which p resc r ibe  l i m i t i n g  and optimum mode occupation numbers 
and input  SNR values  f o r  coherent and incoherent  de t ec to r s .  
These r e s u l t s  i n d i c a t e  t h a t  coherent and incoherent d e t e c t i o n  

These r e s u l t s  w e r e  used t o  descr ibe  examples of coherent and 
incoherent systems f o r  comparative eva lua t ion ,  

may r equ i r e  q u i t e  d i f f e r e n t  modes of modulation and encoding,, 5 

It w a s  no t  poss ib l e  i n  t h e  present  s tudy  t o  explore  f u l l y  
t h e  impl ica t ions  and areas  of v a l i d i t y  of t hese  genera l  r e l a t i o n -  
sh ips .  It i s  f e l t  t h a t  new and perhaps important i n s i g h t s  may 
be  gained by f u r t h e r  cons idera t ion  of  these gene ra l  r e l a t i o n s h i p s .  

We recommend the re fo re ,  t h a t  t h e  t h e o r e t i c a l  a n a l y s i s  of 
coherent and incoherent recept ion  of a noisy quantized wave be 
extended along t h e  l i n e s  of t h e  present  s tudy ,  t o  develop 
and use t h e  concepts presented i n  t h a t  s tudy.  

I n  t h e  course of t h e  s tudy,  i t  became evident  t h a t  c e r t a i n  
t h e o r e t i c a l  matters were not w e l l  understood o r  lacked exper i -  
mental v e r i f i c a t i o n ,  Not only a r e  t h e s e  t o p i c s  of t h e o r e t i c a l  
i n t e r e s t ,  bu t  they may have a bear ing  on p r a c t i c a l  mat te rs  i n  
o p t i c a l  communication, We mention two of them he re  and recommend 
t h a t  they be considered fo r  f u t u r e  a t t e n t i o n ,  

OThe p r e c i s e  na tu re  o f  photon i n t e r a c t i o n  i n  heterodyne 
mixing i s  not  w e l l  understood. Experiments a t  very l o w  
l e v e l s  might demonstrate nonl inear  e f f e c t s  due t o  t h e  
l i m i t e d  area and t i m e  of i n t e r a c t i o n  of  t h e  photon wave 
packets 

5. Opt ica l  Space Communication Study, Volume 11, Appendices I 
and 11. 
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.The s t a t i s t i c s  of photon a r r i v a l  from a laser source 
may i n  some cases  be d i f f e r e n t  from t h e  assumed Poisson 
s t a t i s t i c s ,  
s t a t i s t i c s  would c l a r i f y  t h e  assumptions. 

An experimental measurement of laser photon 
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